The molecular events responsible for obstruction of aqueous humor outflow and the loss of retinal ganglion cells in glaucoma, one of the main causes of blindness worldwide, remain poorly understood. We identified a synonymous variant, c.765C>T (Thr255Thr), in ankyrin repeats and suppressor of cytokine signaling boxcontaining protein 10 (ASB10) in a large family with primary open angle glaucoma (POAG) mapping to the GLC1F locus. This variant affects an exon splice enhancer site and alters mRNA splicing in lymphoblasts of affected family members. Systematic sequence analysis in two POAG patient groups (195 US and 977 German) and their respective controls (85 and 376) lead to the identification of 26 amino acid changes in 70 patients (70 of 1172; 6.0%) compared with 9 in 13 controls (13 of 461; 2.8%; P 5 0.008). Molecular modeling suggests that these missense variants change ASB10 net charge or destabilize ankyrin repeats. ASB10 mRNA and protein were found to be strongly expressed in trabecular meshwork, retinal ganglion cells and ciliary body. Silencing of ASB10 transcripts in perfused anterior segment organ culture reduced outflow facility by ∼50% compared with control-infected anterior segments (P 5 0.02). In conclusion, genetic and molecular analyses provide evidence for ASB10 as a glaucoma-causing gene.
INTRODUCTION
Glaucoma is a major cause of blindness affecting 60 million people worldwide (1) . Primary open angle glaucoma (POAG), the most common form of glaucoma, is a heterogeneous group of optic neuropathies that leads to optic nerve atrophy and permanent loss of vision. Known risk factors include raised intraocular pressure (IOP), a positive family history, ageing and race (1) . POAG is often categorized into clinical entities such as glaucoma with elevated IOP, normal tension glaucoma (NTG) and juvenile open angle glaucoma (JOAG) (2, 3) .
At least 16 chromosomal loci have been mapped through linkage analysis for POAG (GLC1A-P) (4, 5) . However, only three POAG genes have been identified so far: myocilin (MYOC/GLC1A; MIM 601652), optineurin (OPTN/GLC1E; MIM 137760) and WD repeat domain 36 (WDR36/GLC1G; MIM 609669) (6 -8) . In addition, candidate gene studies provide evidence for at least 20 POAG susceptibility genes (9) , including TANK-binding kinase 1 (TBK1; MIM 604834), cytochrome P450-1B (CYP1B1; MIM 231300) and neurotrophin-4 (NTF4; MIM 162662) (5, 10, 11) . Recent genome-wide association studies identified variants near caveolin 1 (CAV1; MIM 601047), caveolin 2 (CAV2; MIM 601048), transmembrane and coiled-coil domains 1 (TMCO1) and cyclin-dependent kinase inhibitor antisense RNA associated with POAG (CDKN2B-AS; MIM 613149) * To whom correspondence should be addressed. Tel: +1 5034944698; Fax: +1 5034182399; Email: wirtzm@ohsu.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com (12, 13) . Despite these findings, the molecular etiology of POAG remains unclear.
We linked glaucoma in a large Oregon family to chromosome 7q35-q36, the GLC1F locus, which encompassed a region of 7.9 Mb or 5.3 cM (14) . Identified crossovers refined this region to 2.2 Mb, reducing the number of genes to 42. Mutational analysis of these genes in the family allowed identification of ankyrin repeats and suppressor of cytokine signalling (SOCS) boxcontaining protein 10 (ASB10) as a novel candidate POAG gene (MIM 603383). Mutation screening of ASB10 in two different POAG cohorts from the USA and Germany and their respective control groups provides further support for ASB10 as the GLC1F gene. ASB10 protein expression pattern in eye tissues and alternative mRNA splicing were evaluated. Silencing of ASB10 mRNA was shown to reduce outflow facility in human anterior segment perfusion culture.
RESULTS

Mutation screening of the genes in the GLC1F region
The original GLC1F region was further refined to 2.24 Mb by identification of crossovers in the disease haplotype in affected family members at rs4401760 (proximal end) and rs73161885 (telomeric end) (Fig. 1) . Sequencing of the 42 genes contained in the refined region identified eight missense coding sequence variants, all were previously reported single-nucleotide polymorphisms (SNPs; minor allele frequency . 0.1) in the HapMap database. Thus, we excluded these non-synonymous SNPs in the GLC1F region as causing POAG in the GLC1F family.
Two unreported synonymous variants were identified including c.765C.T (p.Thr255Thr) in ASB10 (NM_080871.3; NP_543147.2) and c.204G.A (p.Gly68Gly) in transmembrane and ubiquitin-like domain containing protein-1 (TMUB1; NM_031434.3; NP_001129516.1). The c.204G.A (p.Gly68Gly) TMUB1 variant was also present in two controls with no clinical signs of glaucoma, making it unlikely that this variant was causal for POAG. The ASB10 variant, c.765C.T (p.Thr255Thr), segregated with glaucoma in the GLC1F family (Fig. 1 ). This novel variant was not previously reported in the SNP databases (HapMap or dbSNP), the 1000 Genomes database, nor in the 195 POAG cases and 85 controls from the US data set. Thus, ASB10 became a strong candidate gene for the GLC1F locus.
The entire ASB10 gene, including all introns and exons and 3400 bp 5 ′ to the coding region, was then sequenced in two affected family members and two family members not carrying the disease haplotype, one control and two unrelated POAG patients. No additional rare variants were found in the affected GLC1F family members. Pedigree analysis of the GLC1F family and disease haplotype. Black symbols denote patients with POAG, and white symbols denote unaffected or unknown status. Genotypes are listed in the order given by the map to the left. The haplotype of the disease chromosome is boxed. Both SNPs that determined the linkage interval (rs4401760 in II-1 and rs73161885 in IV-2 and IV-3) are also shown. The synonymous mutation in ASB10 found in the family is indicated by Thr255Thr (c.765C.T). Note that the T allele of Thr255Thr segregates with the disease haplotype.
Synonymous mutation Thr255Thr and alternative mRNA splicing
Bioinformatics analysis using ESEfinder (15) predicted that the synonymous variant, c.765C.T (p.Thr255Thr), would reduce exon splice enhancer (ESE) binding for the serine/ arginine-rich (SR) proteins that modulate mRNA splicing. The c.765C.T (p.Thr255Thr) mutation is at the center of a predicted ESE site in exon 3, which would result in the loss of a strong SF2/ASF site and would reduce an SF2/ ASF(IgM-BRCA1) site ( Fig. 2A ). ESEs were predicted by this tool cluster in regions where natural enhancers have been experimentally mapped (15) .
When ASB10 mRNA splice forms were compared in four affected and an unaffected GLC1F family members and an unrelated control, an 885 bp polymerase chain reaction (PCR) product was observed in all individuals, whereas a second smaller product was observed in the affected GLC1F family members (Fig. 2B ). Sequence analysis of this smaller product revealed that exon 3 was absent in this ASB10 transcript. As a consequence of skipping of exon 3, the reading frame is altered and a stop codon is introduced in exon 4 (Fig. 2C) . The smaller protein product is predicted to contain two instead of seven ankyrin repeats and the SOCS box is completely absent (Fig. 2C ). Western analysis of ASB10 protein from lymphoblasts from one affected GLC1F individual using a monoclonal V1 antibody is shown. A full-length product was detected as well as various smaller molecular weight products.
Mutation screening of ASB10 in two different POAG case and control cohorts A systematic sequence analysis of all 6 predicted exons of the 3 reported isoforms of ASB10 was carried out in an Oregon cohort Figure 2 . Predicted model of ASB10 alternative splicing, ESE sites and splicing in transformed lymphocytes from POAG patients and controls. (A) Graphical representation of in silico ESE finder analysis. Using the normal ASB10 sequence surrounding the synonymous Thr255Thr change, a number of different splice enhancer binding sites are predicted. When the synonymous change (c.765C.T) (surrounded by red box) is introduced, the splice enhancer SF2/ASF site is lost (green bar, lower panel) and the scores of other ESEs are altered. The nucleotides that were analyzed with ESE finder correspond to nucleotides 860-886 of ASB10 cDNA (NM_080871.3). (B) RT-PCR on transformed lymphocyte RNA from four affected GLC1F family members, the unaffected father of two of them and an unrelated control (Cnt) using primers located in exons 2 and 4 of ASB10. In all individuals, a PCR product of 885 bp (exons 2-4) is present, whereas an additional product of 365 bp (exons 2-4) is detected in affected individuals. The identity of the affected individuals and their position in the pedigree is indicated above the graph. This pedigree is a partial pedigree of the family shown in Figure 1 . The agarose gel is representative of several different replicates performed. Western blot analysis of ASB10 protein from lymphoblasts from individual IV-3 is shown. A full-length band (48 kDa) and several smaller-molecular-weight bands are detected using the monoclonal V1 antibody. Molecular weight markers (kDa) are shown. (C) Schematic of the ASB10 protein. Ankyrin repeats are indicated by olive ovals. The SOCS box is indicated by a pink box overlapping exon 5. The position of the synonymous change (Thr255Thr) is indicated by a red box. The predicted coding sequence and protein structure when exon 3 is spliced out is also shown. This leads to a premature stop codon with the loss of five ankyrin repeats and the SOCS box.
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Characterization of the non-synonymous variants
The detected non-synonymous amino acid changes are distributed over the entire ASB10 protein sequence (Fig. 3 , Table 1 ). In silico function prediction of the effect of the amino acid change was performed for all of the variants except the nonsense change (p.Cys173X), which is predicted to result in a shortened protein product and the two common variants (rs62489646 and rs919533), as these are previously reported SNPs that had no significant differences in frequency between the cases and controls. Although ASB10 isoforms exhibit approximately equal number of positively and negatively charged amino acids, the identified mutations affect mainly basic residues, such as arginine and histidine. All variants were broadly classified into three categories: (1) those that affect both the charge and polarity of ASB10, (2) those that only change the polarity and (3) those that have no effect either on the charge or polarity. Twenty-one of the 28 changes (75%) alter the charge and/or polarity of ASB10 ( Table 2) . Sixteen of the 21 variants (76%) change the charge of the protein's and the majority of them (14 of 16) lead to the loss of positive net charge.
To obtain insights into a possible structural role of these mutations, ankyrin repeats of ASB10 were modeled on the known crystal structure of human ankryinR. The basic residues of the ankyrin repeats, including many of the changed residues, are mainly located on the protein surface (Fig. 4B) . Interestingly, most of these residues are not involved in the formation of salt bridges, suggesting that they are not key to stabilization of the ankyrin-fold itself. These residues may alter the isoelectric point of ASB10, thereby possibly affecting cellular localization or reducing protein solubility.
The ankyrin repeat is one of the most common repeat motifs, folding into a helix -loop -helix structure with a b-hairpin/loop region projecting outward from the helices at 908 (Fig. 4A) . The ankyrin-repeat motif is defined by its fold rather than its specific function. The inner face of the loops and anti-parallel helices of the clusters of ankyrin repeats usually form a specific protein-binding pocket (16) . Many of the variants located in the ankyrin repeats are in the fold between the helices and loops (Fig. 4A) . Potentially, these mutations could change the shape or binding residue positions within the concave L-shaped binding pocket.
Detailed molecular modeling of the ankyrin-repeat region was also carried out for several amino acid changes that did not affect the charge of the protein ( Table 2 ). We hypothesized that these would affect protein folding and structure. Four amino acid changes (c.545C.T, p.Ala182Val; c.574G.C, p.Val192Leu; c.839A.T, p.Gln280Leu; and c.913G.A, p.Ala305Thr) clearly introduced bulkier side chains, which produced steric clashes and therefore are likely to decrease protein stability or significantly change protein conformation ( Fig. 5A-D) . The Asp91Tyr variant found in a control is located in a region that may adopt less-defined structure and may therefore more easily accommodate these amino acid changes. Ala157Val is located within the ankyrin-repeat region and a valine is present at this position in several homologous ankyrin-repeat proteins, thus may be in a region less sensitive to this difference.
Taking into account only those variants affecting protein charge/polarity and probably protein conformation or stability, a total of 24 variants in 68 patients (including the nonsense mutation) (67 of 1172; 5.7%) and 8 variants in 12 healthy subjects (12 of 461; 2.6%) were observed ( Table 2 ). This difference between patients and controls validates the ASB10 risk
The frequency of the potentially detrimental mutations was similar between the phenotype groups, when accounting for the small number of JOAG patients analyzed: 6.2% in hightension POAG, 5.2% in NTG and 3.8% in JOAG. These missense variants were almost equally distributed between patients with high IOP (6.0%, combined POAG and JOAG) and patients with normal IOP values (5.2%, NTG).
Localization of ASB10 in ocular tissues
To investigate the expression pattern of ASB10 in the human eye, we evaluated ASB10 mRNA profiles from several ocular tissues from normal donor eyes (n ¼ 4). Quantitative real-time (qRT)-PCR showed good expression levels in most regions with the highest expression levels in the iris, moderate levels in the trabecular meshwork, the lamina and the optic nerve, slightly lower levels in the ciliary body, retina and choroid, and very low levels in the lens (Fig. 6) .
Immunohistochemical studies were performed to further characterize ASB10 protein localization. ASB10 protein was found in human TM cells, the outer TM beams and in the juxtacanalicular region. It was also present in the endothelial cells Figure 3 . ASB10 protein domain structure and location of non-synonymous variants identified in this study. Schematic representation of the protein domains highlighting the location of the 7 ankyrin-repeat domain (ANK) and the C-terminal SOCS box domain (SOCs). All amino acid changes identified in the patient cohorts are listed above; changes identified only in the control groups are listed below the structure.
1340
Human Molecular Genetics, 2012, Vol. 21, No. 6
of the inner and outer walls of Schlemm's canal (Fig. 7A) . A negative control using phosphate-buffered saline (PBS) instead of a primary antibody is shown for comparison (Fig. 7B ). ASB10 protein was detected by western immunoblot of extracts of cultured primary human trabecular meshwork (HTM) cells (Fig. 7C) . A band corresponding to full-length ASB10 protein ( 48 kDa) was detected in the cell lysate. The identities of the other bands are unknown at this time.
In the ciliary body, ASB10 was mainly observed in the cytoplasm and perinuclear region of pigmented ciliary epithelial cells covering the ciliary processes, with minimal expression in non-pigmented epithelial cells (Fig. 8A and  B) . In the retina, ASB10 was localized to retinal ganglion cells and individual neurons in the inner nuclear layer, where it revealed a distinct nuclear expression pattern. Photoreceptor cell nuclei in the outer nuclear layer were largely negative, but a pronounced fluorescence was observed at the level of the outer limiting membrane between photoreceptor cell bodies and inner segments ( Fig. 8C and D) . Antibody binding was abolished when an irrelevant antibody or PBS was used instead of the primary antibody (similar to that shown in Fig. 7B ).
Effect of ASB10 silencing on outflow facility
In order to test whether ASB10 affected aqueous humor outflow facility, the control point for IOP regulation, we used RNAi silencing to knockdown expression of ASB10 mRNA in human anterior segment perfusion culture. ASB10 short, hairpin RNA (shRNA)-containing lentivirus was generated and shown to knockdown ASB10 gene expression in cultured HTM cells by 50% as quantified by qRT-PCR (Fig. 9B) . Immunofluorescence showed that ASB10 protein was highly reduced in ASB10 shRNA-containing lentivirus-infected HTM cells compared with control lentivirus-infected cells or a mock infection negative control (Fig. 9A) . Western blot analysis and densitometry showed a 40% reduction of ASB10 protein in cell lysates of shASB10-infected TM cells (Fig. 9C) . When shASB10 lentivirus was applied to human eyes in perfusion culture, outflow facility was reduced by 50% by 48 h, when compared with control shRNA lentivirus (Fig. 10A) . qRT-PCR of tissue extracts after outflow experiments show that ASB10 mRNA levels were significantly reduced 95% in shASB10-infected TM (n ¼ 5) when compared with control shRNA-infected TM (n ¼ 3; Fig. 10B ). Mutations that potentially lead to the loss of a positively or negatively charged residue are marked by 'XX' and are listed in the first and second columns, respectively. As histidine is only partially charged at physiological pH, mutations involving this residue are marked by a single 'X' to highlight the milder effect. The fourth column lists mutations that have no effect on either charge or polarity of ASB10. Mutations located in a region of known three-dimensional structure were evaluated for their effect on protein stability. Mutations which are predicted to significantly decrease the protein stability due to steric clashes ( Finally, ASB10 immunostaining was performed on shASB10-infected eyes post-silencing. In control shRNA-infected TM (Fig. 10C) , ASB10 (red) was found associated with TM cells and throughout the TM, in a pattern similar to the normal uninfected TM shown in Figure 7A . However, in shASB10-silenced eyes, there was a dramatic reduction in the amount of ASB10 immunostaining. Fibronectin was used as a counter-stain (green) in both images. There is some co-localization (yellow) of fibronectin and ASB10, which suggests a portion of ASB10 may be extracellular. Gross morphology of the TM was not obviously altered in hematoxylin and eosin-stained sections (not shown).
DISCUSSION
We present genetic and molecular evidence to support the conclusion that ASB10 is the GLC1F POAG gene. ASB10 is a member of the ankyrin repeats and SOCS box-containing protein family, which contains at least 18 proteins (ASB1 -ASB18) (17) . In all 18 members, two common functional domains have been identified by in silico analysis: the ankyrinrepeat region, that is often involved in specific protein -protein interactions (18) and an SOCS box region, which can serve as a generic adapter directing the degradation of proteins targeted by the ankyrin-repeat region (19) . ASB10 is predicted to contain seven ankyrin repeats and a C-terminal SOCS box; no other identifiable domains are present (Fig. 3) (20) . The ASB10 gene contains six exons; the ankyrin repeats are encoded by exons 2 and 3, whereas exon 5 encodes the SOCS box domain. According to the US National Center for Biotechnology Information (NCBI) database, ASB10 undergoes alternative mRNA splicing to form three different transcripts. Isoform 1 (NM_001142459.1) is the longest, isoform 2 (NM_001142460.1) lacks exon 4, and isoform 3 (NM_080871.3) uses an alternate 5 ′ exon and encodes a unique, shorter N terminus. Kile et al. (20) showed that, in ASB1-deficient mice, ASB10 mRNA is expressed in heart and skeletal muscle. No other papers on ASB10 expression or function are apparent in the literature. Both the interacting protein(s) and the function of ASB10 have yet to be elucidated.
After identification of the synonymous mutation, c.765C.T (p.Thr255Thr), which segregates in the GLC1F family, we examined the complete coding regions of ASB10 in order to identify potential mutations in two replicate POAG populations Figure 4 . Structure (A) and surface presentation (B) of the ankyrin-repeat region of ASB10 (comprising residues 100-345 of isoform 3). The ASB10 ankyrin repeat was modeled on the crystal structure of human AnkR. (A) Sequence position, for which mutations were found, are shown as balls and are labeled. Charged, polar and non-polar sites of mutation are colored cyan, green and orange, respectively. (B) Acidic and basic residues are colored in red and blue, respectively. Basic residues, which were found to be mutated in POAG patients, are shown in cyan and labeled. Note that the latter group of basic residues does not form salt bridges with acidic residues, suggesting that they play only a minor role for protein stability. . Quantitative determination of ASB10 mRNA expression levels in human ocular tissues using RT-PCR technology (n ¼ 4). The expression levels were normalized against GAPDH and the results are expressed as copy number ASB10/GAPDH. Co, cornea; Trab, trabecular meshwork; Cil, ciliary body; Ret, retina; Chor, choroid; Lam, lamina cribrosa; Opt, opticus, n.d., not detected.
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of European origin, one from Oregon and the other from Germany. We identified several different amino acid changes in ASB10 in almost 6% of cases. Analysis of the biophysical properties of these missense variants showed that the majority of them (Table 2 ) change the charge of the ASB10 protein.
Although the exact physiological role of these variants still need to be clarified, we can speculate that the loss of positive charge and the resulting lowering of the isoelectric point might affect the cellular localization or protein solubility. These mutations are also positioned such that they would likely change the shape of the ASB10 ankyrin-repeat binding pocket. Molecular modeling of the four missense variants that do not change the charge of the ASB10 protein (c.545C.T, p.Ala182Val; c.574G.C, p.Val192Leu; c.839A.T, p.Gln280Leu; and c.913G.A, p.Ala305Thr) revealed that they could destabilize the ankyrin-repeat domain, thus affecting protein stability. The truncated ASB10 alternatively spliced form generated by the c.765C.T (p.Thr255Thr) mutant or the nonsense stop-codon mutant c.519C.A (p.Cys173X) would remove several ankyrin repeats and the SOCS box, likely changing the binding pocket and other functions. Reduction in protein stability is also a possible consequence of some of the mutations.
To determine the putative effect of a decreased amount of ASB10 protein, we used lentivirus to deliver a silencing vector (shASB10) into the TM in anterior segment perfusion culture. Silencing of ASB10 expression in human anterior segment resulted in a reduction in outflow facility by 50%. TGF-b2 treatment, which is elevated in the aqueous humor of POAG patients (21) , results in a similar decrease in outflow facility with the consequent increase in IOP (22 -24) . Thus, reduction of ASB10 expression in the TM impacts outflow facility, the primary regulator of IOP, which is typically increased in POAG patients.
Taking into account also the specific expression pattern of ASB10 in retinal ganglion cells, one could hypothesize a dual role of this protein in the pathogenesis of glaucoma. Impaired ASB10 may affect the trabecular meshwork outflow in the anterior segment and lead to retinal ganglion cell degeneration in the retina. Further studies will be required to delineate the specific function of ASB10 and the molecular mechanisms that lead to glaucoma.
In conclusion, we present evidence supporting the idea that the GLC1F gene is ASB10. These results represent the first molecular analysis of the ASB10 gene including both protein and mRNA expression in ocular tissues and demonstration of a role in IOP regulation. Oregon cohort. We recruited 140 POAG subjects from Kaiser Permanente Northwest (Portland, OR, USA) and 55 from Casey Eye Institute, OHSU (Portland, OR, USA). The age of the patients ranged from 34 to 93 with a mean age of 72.5 + 11.5 years; 60% were females and 43% had a family history of glaucoma. Eighty-five control subjects were recruited at the Casey Eye Institute in Portland, OR, USA; 62% were females. The age of the control subjects ranged from 50 to 85 with a mean age of 70 + 10.3 years. All control subjects had been examined by an ophthalmologist (J.R.S.) to determine that they had no signs of glaucoma as described including IOP' (,21 mmHg).
MATERIALS AND METHODS
Ethics approval and consent
German cohort. The second group studied included patients and control subjects of German (European) origins. The group of patients consisted of 977 subjects: 440 had hightension POAG (IOP . 21 mmHg), 52 had a JOAG and 485 were NTG. The 376 control subjects were recruited from the same geographic region as the patients. All individuals underwent standardized clinical examinations for glaucoma at the University Eye Hospital in Erlangen, Tübingen and Würzburg.
Altogether, the age of patients ranged from 14 to 96 with a mean age of 66.5 + 14.1 years, 61% were females and 37% had a family history of glaucoma. The age of control subjects ranged from 34 to 97 with a mean age of 72.1 + 6.9 years; 59.8% were females. IOP ranged from 11 to 65 mmHg with a mean of 28.3 + 9.3 in patients with high-pressure POAG. In controls and NTG patients, IOP was ,21 mmHg with a mean of 19.2 + 2.1.
Clinical examination. Clinical examination and diagnosis of the Oregon and German patients have been documented previously (11, 14, (25) (26) (27) (28) . In brief, primary POAG was clinically defined as an optic neuropathy with the following findings: optic nerve head excavation with thinning of the neuroretinal rim, often with 'Drance'-type nerve fiber layer hemorrhages, notching, pitting, significant focal loss or general loss of retinal fiber layer, and visual field defects consistent with the disc changes (28) . POAG cases were enrolled in the study if they met one or more of the following criteria: (1) treatment for POAG had been instigated prior to our study and had been examined to confirm that they have POAG; (2) two or more of the following findings were present: (a) optic nerve head and/or nerve fiber layer analysis was compatible with moderately advanced glaucomatous damage (i.e. a vertical cup/disk ratio .0.7 with or without erosion of the rim) (29); (b) abnormal Humphrey glaucoma hemifield test; (c) untreated IOP of 24 mmHg measured by Goldman applanation tonometry (30); (3) glaucomatous field defects on Humphrey perimetry. Glaucoma cases secondary to trauma or anterior 
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Human Molecular Genetics, 2012, Vol. 21, No. 6 segment dysgenesis were excluded. Exclusion criteria for secondary OAG included exfoliation glaucoma, trauma, uveitis or steroid-induced glaucoma. IOP was measured using a recently calibrated Goldmann applanation tonometer. A combined anesthetic and fluorescein product was applied before determining IOP. Optic disc appearance was classified at the time of examination using a slit-lamp biomicroscope with pupil dilation. After dilation, the sizes of the cups were evaluated using the standard method of a reference spot from a direct ophthalmoscope or using a 78-diopter lens.
PCR and sequencing. Screening of the cases and controls was identical. Primers were designed to amplify each exon with surrounding intronic sequence in order to cover all coding sequences, 5 ′ and 3 ′ untranslated regions and mRNA splice regulatory signals. Primers were designed using Primer3 through the UCSC Human Genome Browser ExonPrimer command (http:// genome.ucsc.edu/cgi-bin/hgGateway). Primers were obtained from Integrated DNA Technologies, Inc. (San Diego, CA, USA).
Genomic DNA was obtained from human blood by a standard salting-out procedure (31) and with automated techniques (AutoGenFlex 3000; Autogen, Holliston, MA, USA) using DNA chemistry (Flexigene; Qiagen, Hilden, Germany). PCR reagents and FastStart w Taq Polymerase were obtained from Roche Applied Science Division (Indianapolis, IN, USA), and REDTaq w Polymerase from Sigma-Aldrich (St. Louis, MO, USA). PCR was performed on genomic DNA according to standard touchdown protocols on a Gene Amp PCR System 9700s (Applied Biosystems, Inc., Foster City, CA, USA). PCR products were purified using ExoSAP-IT w according to the manufacturer's instructions (USB Corporation, Cleveland, OH, USA) with AMPure Agencourt on a Biomek NX96 platform (BeckmanCoulter, Fullerton, CA, USA). All PCR products were separated by agarose gel electrophoresis. Purified products were sequenced on an ABI 3130XL Genetic Analyzer at the Oregon Clinical and Translational Research Institute (OCTRI), on an ABI Prism 377 DNA Sequencer at the Portland Veterans Administration Medical Center core facility, or by Amplicon Express (Pullman, WA, USA) and on an ABI 3730 Sequence Analyzer at the Human Genetics Institute in Erlangen (Germany). Sequencing chromatograms were analyzed using Sequencher w 4.9 and 4.10.1 (Gene Codes Corporation, Ann Arbor, MI, USA).
The identified ASB10 DNA variants were submitted to the Human Variation with Clinical Impact site at NCBI. The rs numbers, which were subsequently assigned, are used as reference numbers in Table 1 .
Statistical analysis
We used standard x 2 or Fisher's exact tests to assess differences in allele frequencies between cases and controls for identified genetic variants. Paired Student's t-test was used for flow analysis and unpaired Student's t-test was used for comparison of expression of shRNA to shASB10.
Computational methods
The tools SMART (32) and GlobPlot (33) were used to detect globular domains and disordered regions in ASB10. The amino acid composition and ratio of charged residues for different ASB10 isoforms were calculated with ProtParam (34) . Modeling of the ankyrin-repeat region of ASB10 was performed with Modeller 6.2 (35) using the crystal structure of human ankyrinR (PDB code 1n11) (36) as the template. Minimization of the structure and modeling of the mutations were done with Sybyl7.3 (Tripos, Inc., St. Louis, MO, USA). Figures were prepared using RasMol (37) .
ASB10 expression analysis on eye tissues
For qRT-PCR, ocular tissues were obtained from four human donor eyes (age: 81.2 + 4.5 years, two females, two males) without any known ocular disease. These eyes were obtained at autopsy and were processed within 8 h after death.
Total RNA was extracted from various ocular tissues using the RNeasy Kit (Qiagen, Hilden, Germany), which included an on-column DNase I digestion step. Single-strand cDNA synthesis was performed using 0.1 mg of total RNA, 200 U Superscript II reverse transcriptase (Invitrogen, Karlsruhe, Germany) and 500 ng oligo-dT primers (Roche Diagnostics, Mannheim, Germany) in 20 ml of reaction volume.
qRT-PCR was performed using the MyIQ thermal cycler and software (Biorad, Munich, Germany). All samples were analyzed in duplicates. Primers (Eurofins, Anzing, Germany) for ASB10 and GAPDH (Supplementary Material, Table S1) were designed in the last exon to detect all ASB10 splice variants by means of Primer 3 software. For quantification, serially diluted standard curves of plasmid-cloned cDNA were run in parallel, and amplification specificity was checked using melt curve and sequence analyses using the Prism 3100 DNA-sequencer (Applied Biosystems, Foster City, CA, USA). For normalization of gene expression levels, mRNA ratios were expressed relative to the GAPDH house-keeping gene.
Immunostaining
Immunohistochemistry was performed on normal human donor eyes (age range, 49-80 years).
Trabecular meshwork tissue
Paraffin-embedded sections. Anterior segments from normal donor eyes were fixed in 10% neutral-buffered formalin and embedded in paraffin. Serial 5 mm radial sections were cut approximately perpendicular to Schlemm's canal (OHSU Knight Cancer Institute, Portland, OR, USA). Sections were then deparaffinized, rehydrated, blocked with the CAS block and immunostained with a rabbit polyclonal primary antibody to ASB10 (Sigma, St. Louis, MO, USA) and a 594 nm Alexa Fluor-conjugated donkey anti-rabbit secondary antibody 
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(Invitrogen, Carlsbad, CA, USA) (38) . Some sections were also immunostained with mouse anti-fibronectin (BD Transduction Laboratories, San Jose, CA, USA) and 488 nm Alexa Fluor-conjugated donkey anti-mouse secondary antibody (Invitrogen). Sections were imaged using a laser scanning confocal microscope (FV1000; Olympus, San Diego, CA, USA).
Retina and ciliary body tissue
Ocular tissues were embedded in optimal cutting temperature compound and frozen in liquid nitrogen-cooled isopentane.
Cryostat-cut sections (6 mm) were fixed in cold acetone, blocked with 10% normal goat serum and incubated in primary antibody (anti-ASB10, rabbit, affinity isolated; Sigma-Aldrich) diluted 1:250 in PBS overnight at 48C. Antibody binding was detected by Alexa 488-conjugated secondary antibody (Invitrogen) and nuclear counterstaining was performed with propidium iodide (Sigma-Aldrich). In negative control samples, the primary antibody was replaced by PBS or equimolar concentrations of an irrelevant primary rabbit antibody. Sections were analyzed by standard epifluorescence (BX51, Olympus Optical Co., Hamburg, Germany).
Western immunoblot
Primary HTM cells isolated from donor tissue were grown to confluence in medium-glucose Dulbecco's modified Eagles medium (DMEM) containing 10% fetal bovine serum and 1% penicillin-streptomycin -fungizone (39) (40) (41) (42) . Lymphoblasts from the Oregon GLC1F family were cultured as below. For HTM cells, media was exchanged to 5 ml of serum-free DMEM for 72 h and cells were extracted with 0. 
Generation of ASB10 shRNA silencing lentivirus
We generated shRNA vectors in order to silence the ASB10 gene as described previously (46) . Briefly, shRNAs were designed using the online BLOCK-iT RNAi designer (Invitrogen). The sequence of the ASB10 shRNA was 5 ′ -CACCG ACTCTGGTCTCTGACATACGCGAACGTATGTCAGAGA CCAGAGTC-3 ′ , which targets sequence in exon 2. An shRNA control was also designed (5 ′ -CACCCATCACTCCATG TTGGAACTTCGAAAAGTTCCAACATGGAGTGATG-3 ′ ) that did not target any other known human gene when blasted against the NCBI database. Double-stranded 21 nucleotide shRNA oligonucleotides were annealed and cloned into the pENTR/U6 vector using T4 ligase (Invitrogen). After the correct sequence was confirmed by DNA sequencing, the shRNA cassette was transferred into the pLenti6/ BLOCK-iT-DEST vector (HIV-based lentiviral vector) by recombination using the Gateway LR clonase II enzyme (Invitrogen) and purified using the Endo-free Plasmid Maxiprep Kit (Qiagen).
To generate replication-incompetent lentivirus, 3 mg of pLenti ASB10 silencing plasmid was co-transfected into the 293FT cell line with 9 mg of ViraPower packaging mix using Lipofectamine 2000 (Invitrogen). Lentivirus-containing supernatants were harvested 72 h post-transfection centrifuged to pellet cell debris and stored at 2808C until use. Viral titers were determined by adding various dilutions of lentivirus (ranging from 10 22 to 10 26 in DMEM with 10% fetal calf serum, or a mock infection) to HT1080 cells (ATCC, Manassas, VA, USA) in culture with 6 mg/ml Polybrene (Sigma). Following blasticidin (1 mg/ml) selection for 7 days, the number of crystal violet-stained plaques was counted for each lentiviral dilution to determine plaque formation units (pfus).
Verification of gene knockdown and reduction of ASB10 protein by immunofluorescence
Primary TM cells were infected with 10 6 pfus of shASB10 or control shRNA lentivirus. After 72 h, total RNA was isolated using cells-to-cDNA lysis buffer (Ambion) and cDNA was generated using Superscript III reverse transcription. qRT-PCR was performed as described previously (44) . Results were expressed as fold change relative to control shRNA-infected HTM cells.
Primary HTM cells were cultured on collagen I-coated BioFlex membranes (Flexcell International Corp., Hillsborough, NC, USA). shASB10 or control shRNA lentivirus (10 6 pfus) was added to the cells for 4 days, and immunofluorescence was performed using a rabbit anti-ASB10 polyclonal antibody (Sigma) and an Alexa Fluor 594-conjugated secondary antibody. Coverslips were mounted in ProLong gold mounting medium containing the nuclear stain 4 ′ ,6-diamidino-2-phenylindole (DAPI). Immunofluorescence images were obtained using a laser scanning confocal microscope (Olympus Fluoview, Westmont, IL, USA). Western blots were performed on shASB10 and control-infected HTM cells. Cells were infected for 3 days and serum-free medium was added for 72 h. ASB10 in control and silenced TM cells was evaluated with the polyclonal ASB10 antibody (Sigma). Densitometry was used to quantitate each band, which was normalized to total protein in the RIPA extracts.
Lentiviral infection of perfused anterior segments
Human anterior segments were perfused with serum-free DMEM at a constant pressure (8.8 mmHg) until flow rates stabilized at an average flow rate of 1-7 ml/min (38, 46, 47) . Lentivirus (10 8 pfus) was applied to the perfusion chambers by media exchange (indicated by time point 0) and outflow facility was measured for a further 5 -7 days. Change in outflow facility was determined by normalizing the average outflow rate prior to treatment, and data from individual eyes were then combined. The number of eyes used for each treatment is noted in the figure legend. A paired Student's t-test was used to determine the significance comparing flow rates immediately prior to treatment with those at the end of the experiment or an unpaired t-test to compare control and shASB10-infected eyes. P , 0.05 was considered significant. Following the experiment, TM tissue was dissected from the anterior segment, homogenized with Trizol reagent and qRT-PCR was performed.
